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Viral suppression by noncytolytic CD8� T cells, in addition to that by classic antiviral CD8� cytotoxic T
lymphocytes, has been described for human immunodeficiency virus and simian immunodeficiency virus (SIV)
infections. However, the role of soluble effector molecules, especially beta-chemokines, in antiviral immunity is
still controversial. In an attenuated vaccine model, approximately 60% of animals immunized with simian/
human immunodeficiency virus (SHIV) 89.6 and then challenged intravaginally with SIVmac239 controlled
viral replication (viral RNA level in plasma, <104 copies/ml) and were considered protected (K. Abel, L.
Compton, T. Rourke, D. Montefiori, D. Lu, K. Rothaeusler, L. Fritts, K. Bost, and C. J. Miller, J. Virol.
77:3099-3118, 2003). To determine the in vivo importance of beta-chemokine secretion and CD8�-T-cell
proliferation in the control of viral replication in this vaccine model, we examined the relationship between
viral RNA levels in the axillary and genital lymph nodes of vaccinated, protected (n � 20) and vaccinated,
unprotected (n � 11) monkeys by measuring beta-chemokine mRNA levels and protein expression, the
frequency of CD8� T cells expressing beta-chemokines, and the extent of CD8�-T-cell proliferation. Tissues
from uninfected (n � 3) and unvaccinated, SIVmac239-infected (n � 9) monkeys served as controls. Axillary
and genital lymph nodes from unvaccinated and vaccinated, unprotected monkeys had significantly higher
beta-chemokine mRNA expression levels and increased numbers of beta-chemokine-positive cells than did
vaccinated, protected animals. Furthermore, the lymph nodes of vaccinated, unprotected monkeys had signif-
icantly higher numbers of beta-chemokine� CD8� T cells than did vaccinated, protected monkeys. Lymph
nodes from vaccinated, unprotected animals also had significantly more CD8�-T-cell proliferation and marked
lymph node hyperplasia than the lymph nodes of vaccinated, protected monkeys. Thus, higher levels of virus
replication were associated with increased beta-chemokine secretion and there is no evidence that beta-
chemokines contributed to the SHIV89.6-mediated control of viral replication after intravaginal challenge with
SIVmac239.

Despite efforts to develop an effective anti-human immuno-
deficiency virus (HIV) vaccine, significant obstacles remain.
The difficulty in developing a vaccine lies in the basic nature of
HIV infections; immune clearance of an HIV infection has
never been documented. However, antiviral CD8� T cells have
been associated with the control of HIV and simian immuno-
deficiency virus (SIV) replication in vivo (40, 48). Viral sup-
pression by noncytolytic CD8� T cells, in addition to that by
classic cytolytic antiviral cytotoxic T lymphocytes (CTLs), has
been described for HIV and SIV infections (12, 20, 32, 48).
Beta-chemokines are the natural ligands for the major core-
ceptor, CCR5, of HIV and SIV. Beta-chemokines are pro-
duced at sites of inflammation, where they are involved in the
recruitment of T cells and macrophages (13, 33, 36, 44), but the
net effect of beta-chemokine secretion by CD8� T cells in
lentiviral infections is unclear. Some studies have shown that

members of the beta-chemokine family can block HIV and SIV
replication (12, 20), but others have concluded that CD8�-T-
cell-mediated inhibition of viral replication in vitro is due to
soluble factors other than beta-chemokines (10, 11, 31, 35).

In the SIV-rhesus monkey model of HIV infection, a variety
of vaccine modalities have produced various levels of protec-
tion against a challenge with pathogenic SIV or simian/human
immunodeficiency virus (SHIV). However, live attenuated vac-
cines have consistently provided the most effective protection
against a challenge with virulent SIV and they stimulate a
broad range of antiviral immune responses in rhesus macaques
(1, 21). Many studies have found an association between the in
vitro secretion of beta-chemokines by peripheral blood mono-
nuclear cells (PBMC) and vaccine-mediated protection from
SIV or SHIV challenge (3, 5, 24, 29, 30). However, recent
studies have shown that high beta-chemokine levels correlate
with the disease progression of SIV and HIV infections (25,
27). It is worth noting that although SIVmac239 and
SIVmac251 utilize CCR5 as their primary coreceptor, they can
also use alternate coreceptors in vitro (8, 15, 17). Despite this
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ability to use alternate coreceptors in vitro, in vivo CCR5
seems to be the only coreceptor of consequence. Beta-chemo-
kine expression by CD8� T cells in vitro has been associated
with protection against a SIVmac251 or SIVmac239 challenge
(4, 20, 28–30). Furthermore, systemic therapy with beta-che-
mokine homologues decreases SIVmac251 replication in rhe-
sus monkeys (47). Thus, CCR5 is critical for SIV replication in
vivo, and a clarification of the role of beta-chemokines in HIV
and SIV replication in vivo is needed.

For chronic HIV and SIV infections, CD8�-T-cell expansion
in the lymphoid tissues is well documented (16, 22, 42). How-
ever, the relationship between the CD8�-T-cell expansion and
the elaboration of effective antiviral immunity is not clear.
Furthermore, the relationship between CD8�-T-cell prolifer-
ation, beta-chemokine expression, and viral replication is un-
defined.

In an earlier study, members of our laboratory showed that
approximately 60% of rhesus monkeys inoculated with atten-
uated SHIV89.6 were protected from uncontrolled viral repli-
cation and disease after an intravaginal challenge with patho-
genic SIVmac239 (1, 34). Strong antiviral CTL responses and
alpha interferon expression in PBMC during the acute post-
challenge period were associated with protection. However, in
vitro suppression by CD8� T cells in PBMC and beta-chemo-
kine expression in PBMC were not associated with vaccine-
mediated protection during the acute postchallenge phase (1).
Analyses of beta-chemokine expression in PBMC may not
reflect the conditions in the lymphoid organs, the major sites of
SIV and HIV replication (19, 37, 38, 45). Thus, the analysis of
beta-chemokine responses in lymphoid tissues is needed for an
understanding of how beta-chemokine expression influences
SIV replication in vivo.

The goal of the present study was to analyze and define the
in vivo relationship between the frequency of CD8� T cells
expressing beta-chemokines, the level of CD8�-T-cell prolif-
eration, and viral RNA (vRNA) levels in the lymph nodes of
SHIV89.6-vaccinated and protected, SHIV89.6-vaccinated but
unprotected, and unvaccinated animals 6 months after an SIV
challenge (or initial infection) with SIVmac239. We found that
the highest levels of macrophage inflammatory protein 1 alpha
(MIP-1�), MIP-1�, and Ki67 expression were in the lymphoid
tissues with the highest vRNA levels. Thus, vaccinated, protected
animals had relatively few proliferating or beta-chemokine-
secreting CD8� T cells compared to vaccinated, unprotected
monkeys. Furthermore, the difference in Ki67 and beta-che-
mokine expression levels by CD8� T cells in the lymph nodes
of vaccinated, protected and vaccinated, unprotected monkeys
was statistically significant. Thus, there was no evidence that
beta-chemokines contribute to the long-term control of virus
replication in SIV infection even in a postvaccination setting.

MATERIALS AND METHODS

Animals, SHIV immunization, and SIV challenge. The monkeys used for this
study were multiparous, mature, female rhesus monkeys (Macaca mulatta)
housed at the California National Primate Research Center in accordance with
USDA regulations and American Association for Accreditation of Laboratory
Animal Care standards. All animals were negative for antibodies to HIV type 2,
SIV, type D retrovirus, and simian T-cell lymphotropic virus type 1 at the time
the study was initiated. The rhesus monkeys used for this study were part of a
previously published vaccine study (1). A randomly selected subgroup of 31
monkeys from the original group of 42 was included in this study. Thirty-one

monkeys were inoculated with live, virulence-attenuated SHIV89.6 by one of the
following routes: intravenous (n � 10), intranasal (n � 5), or intravaginal (n �
16) (1). In addition, unvaccinated monkeys were included in the study as chal-
lenge controls (n � 9). SHIV89.6-immunized or unvaccinated monkeys were
challenged with at least two intravaginal inoculations of SIVmac239 (1 ml at 105

50% tissue culture infective doses/ml). This virus stock was produced in rhesus
PBMC and was described previously (1).

Categorization of vaccinated monkeys by challenge outcome. After the intra-
vaginal SIV challenge, the efficacy of the vaccine was determined by assessing the
vRNA levels in the plasma of the study animals, and vaccinated animals were
categorized as either protected or unprotected (1). At all time points during the
6-month follow-up period, vaccinated, protected animals had plasma vRNA
levels of �104 copies/ml, while vaccinated, unprotected animals had plasma
vRNA levels of �104 copies/ml at least once (1, 2). Thus, 20 of the 31 vaccinated
monkeys were considered protected and 11 of the vaccinated monkeys were
considered unprotected (Table 1) (1). It is important to note that even for
animals with undetectable plasma vRNA, vRNA was readily detectable in lym-
phoid tissues at necropsy (Table 1) (2). As previously described, the vRNA levels
in the axillary and genital lymph nodes at 6 months postchallenge (p.c.) were
significantly lower in the protected group than in the unprotected group (P �
0.001) (2). The highest vRNA levels were in the axillary and genital lymph nodes
of the unvaccinated group, although the vRNA levels were not significantly
different from those of the unprotected group. At 6 months p.c., there was a
strong correlation between the vRNA levels in lymphoid tissues and the plasma
vRNA level for individual monkeys (Table 1) (2). Thus, the relative tissue vRNA
levels among the animals were consistent with the classification of vaccinated,
protected animals versus vaccinated, unprotected animals based on plasma
vRNA levels (2).

Tissue samples. Six months after an intravaginal challenge with SIVmac239,
the monkeys were euthanized by a phenobarbitol overdose, and blood and tissues
were collected as previously described (26). Briefly, blood and axillary and
genital (obturator and iliac) lymph nodes were collected at the time of necropsy
and divided into several fractions. A portion of each lymph node sample was
placed in RNA-later (Ambion, Austin, Tex.) and stored at �20°C. Additionally,
tissue samples were immersion fixed in 10% buffered formalin and 4% parafor-
maldehyde, and frozen samples were stored at �80°C until RNA isolation. Total
RNAs were isolated as previously described (1). Briefly, total RNAs were iso-
lated by the use of Trizol (Invitrogen, Grand Island, N.Y.) according to the
manufacturer’s protocol. Prior to RNA isolation, the tissue samples were ho-
mogenized with a power homogenizer (Generator [7 mm by 195 mm]; Fisher
Scientific). All samples were treated with DNA-free (Ambion) DNase for 1 h at
37°C. cDNAs were prepared with random hexamer primers (Amersham Phar-
macia Biotech, Inc., Piscataway, N.J.) and Moloney murine leukemia virus re-
verse transcriptase (Invitrogen).

SIV vRNA quantitation. Total RNAs isolated from lymphoid tissues were
analyzed for vRNA by a quantitative branched DNA assay (14). Tissue vRNA
levels are reported as viral RNA copy numbers per 1 �g of total tissue RNA. The
detection limit of this assay is 500 copies.

Beta-chemokine analysis. Previous studies have found an association between
CD8�-T-cell beta-chemokine expression and vaccine-induced protection against
an SIV challenge. In these studies, protection was associated with changes in the
levels of all three beta-chemokines, namely RANTES, MIP-1�, and MIP-1�
(4–6, 20, 28–30). Thus, to simplify the present study, we chose to focus our
mRNA analysis on two of the three beta-chemokines, MIP-1� and MIP-1�.

(i) Reverse transcriptase quantitative PCR for MIP-1� and MIP-1� mRNA.
RNA isolation, cDNA preparation, and real-time PCR were performed as pre-
viously described. cDNAs were prepared with random hexamer primers (Amer-
sham Pharmacia Biotech, Inc.) and Moloney murine leukemia virus reverse
transcriptase (Invitrogen). The oligonucleotide primer and probe sequences for
MIP-1� and MIP-1� were designed specifically for the TaqMan assay. The
probes (Applied Biosystems) were labeled at the 3	 end with TAMRA (6-
carboxytetramethylrhodamine) and at the 5	 end with FAM (6-carboxyfluores-
cein), except the GAPDH (glyceraldehyde-3-phosphate dehydrogenase) probe,
which was labeled with VIC at the 5	 end. The beta-chemokines MIP-1� and
MIP-1� were run in multiplex assays in which the beta-chemokine gene and the
GAPDH sequence were amplified in the same tube. Primer concentrations were
adjusted to 60 nM for GAPDH and 900 nM for the chemokine gene. The
reactions were set up in a 96-well optical plate (Applied Biosystems, Foster City,
Calif.) in a 25-�l reaction volume containing 5 �l of cDNA and 20 �l of master
mix (Applied Biosystems). All sequences were amplified with the model 7700
instrument’s default amplification program: 2 min at 50°C and 10 min at 95°C,
followed by 40 cycles of 15 s at 95°C and 1 min at 60°C. The results were analyzed
with SDS 7700 system software, version 1.6.3 (Applied Biosystems) on a G4
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Macintosh computer (Apple Computer, Cupertino, Calif.). Beta-chemokine
mRNA expression levels were calculated from delta threshold cycle (
Ct) values
and are reported as fold increases (FI) of beta-chemokine mRNA levels in
SIV/SHIV-infected lymph nodes compared to those in lymph nodes from control
samples (see below). Each Ct value corresponds to the cycle number at which the
fluorescence due to enrichment of the PCR product reaches significant levels
above the background fluorescence (threshold). For this analysis, the Ct value for
the housekeeping gene (GAPDH) was subtracted from the Ct value for the target
(beta-chemokine) gene. The 
Ct value for the SHIV/SIV-infected sample was
then subtracted from the 
Ct value for the corresponding uninfected sample

(

Ct). Assuming that the target gene (beta-chemokine) and the reference gene
(GAPDH) were amplified with the same efficiencies (data not shown), the FI in
the mRNA level in a SHIV/SIV-infected sample compared to that in an unin-
fected sample is then calculated by the formula FI � 2 � 

Ct (ABI Prism 7700
sequence detection system user bulletin 2, Applied Biosystems).

(ii) Immunohistochemistry for MIP-1�, MIP-1�, and RANTES proteins. For
an immunohistochemical analysis of beta-chemokine expression, polyclonal an-
tisera against MIP-1� (clone HP9010, rabbit polyclonal antiserum; HBT, Cell
Sciences, Norwood, Mass.), MIP-1� (clone AF271, goat polyclonal antiserum;
R&D Systems, Minneapolis, Minn.), and RANTES (clone AB278, goat poly-

TABLE 1. Plasma and tissue vRNA levels and lymph node histopathology in SHIV89.6-vaccinated, SIVmac239-challenged monkeys at 6
months p.c.

Animal no. or group Plasma vRNA level
(log10 copies/ml)

Lymph node vRNA level
(log10 copies/�g of RNA)b

Lymph node follicular
hyperplasia scorea

Axillary Genital Axillary Genital

Protected
22131 �2.6 3.7 2.4 1 1
23478 �2.6 3.8 2.2 1 1
24251 �2.6 3.9 3.1 1 1
25334 �2.6 3.1 3.8 1 1
25409 �2.6 3.3 2.5 1 1
25594 �2.6 2.4 * 1 0
25759 �2.6 2.3 4.2 0 0
25979 �2.7 4.3 3.6 0 1
26640 �2.7 2.1 2.1 1 1
27334 �2.7 3.8 2.3 1 1
27608 �2.7 * 2.5 0 1
27685 4.0 4.4 3.7 0 1
28055 �2.7 1.6 4.7 2 1
28075 3.3 3.0 3.2 1 1
28229 �2.7 3.1 4.0 1 1
28288 �2.7 2.2 2.6 1 1
30443 �2.6 3.0 * 1 1
31408 �2.7 3.2 * 1 1
31420 �2.7 3.7 2.9 1 1
31431 �2.7 2.2 2.5 1 1

Mean � SE for group 2.8 � 0.07 3.1 � 0.18 3.1 � 0.19 0.85 � 0.11 0.90 � 0.07

Unprotected
23699 4.6 4.5 3.2 2 2
24196 5.0 4.6 4.8 3 3
26154 5.5 5.4 5.3 2 1
28408 2.7 4.5 3.6 3 3
30445 4.0 5.2 4.9 1 1
30470 4.3 5.0 4.2 2 2
30474 6.4 6.3 6.6 3 3
31411 7.1 6.3 6.1 2 2
31413 5.4 6.2 6.1 3 3
31416 6.1 5.8 5.8 2 2
31434 3.8 4.2 4.2 1 1

Mean � SE for group 5.0 � 0.39 5.3 � 0.24 5.0 � 0.33 2.2 � 0.23 2.1 � 0.25

Naive
23756 8.1 6.6 6.8 2 3
25301 6.3 5.6 5.5 2 2
25402 2.8 3.4 * 1 1
25537 5.9 6.1 6.1 3 3
27764 6.0 5.6 5.7 3 3
28048 4.4 5.2 5.2 3 3
28433 6.9 5.6 5.6 3 3
31423 3.4 4.1 3.7 3 3
31435 6.4 6.0 6.3 2 2

Mean � SE for group 5.6 � 0.57 5.4 � 0.34 5.6 � 0.33 2.4 � 0.24 2.6 � 0.24

a 0, normal; 1, mild; 2, moderate; 3, severe.
b *, below detection.
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clonal antiserum; R&D Systems) were used on formalin-fixed, paraffin-embed-
ded tissue samples. Briefly, embedded tissues were sectioned into 4-�m-thick
sections, placed on Starfrost precleaned microscope slides (Fisher), deparaf-
finized, and dehydrated. Antigen retrieval to expose epitopes masked by fixation
was achieved by high-temperature microwave retrieval in a 1:10 dilution of AR10
solution (Biogenex, San Ramon, Calif.) followed by three washes with phos-
phate-buffered saline (PBS) (Sigma-Aldrich, St. Louis, Mo.). The sections were
then treated with 0.3% hydrogen peroxide (EM Science, Gibbstown, N.J.) to
quench endogenous peroxide activity. After a wash in PBS, nonspecific antibody
binding sites were blocked with 10% normal goat or horse serum (Vector Labs,
Burlingame, Calif.) at room temperature. Next, the antibody was diluted to a
concentration of 4 �g of total immunoglobulin G (IgG)/ml in Hanks balanced
salt solution (HBSS) (Invitrogen) supplemented with 0.1% saponin (Sigma-
Aldrich), 0.01 M HEPES buffer (Roche, Indianapolis, Ind.), and 0.002% sodium
azide (Sigma-Aldrich), and this was applied to tissue sections. The sections were
incubated overnight at room temperature. The slides were then washed three
times (for 5 min each) with an HBSS–0.1% saponin solution. Subsequently,
biotinylated goat anti-rabbit IgG (Zymed, South San Francisco, Calif.) or horse
anti-goat IgG (Vector Labs) and streptavidin (Zymed) were added in sequence.
DAB (Vector) was used as a chromogen and Harris hematoxylin (Fisher) was
used as a counterstain. Rabbit IgG (Vector), goat IgG (R&D), and the incuba-
tion of tissue sections with the omission of a primary or secondary antibody were
used as negative controls.

Immunofluorescence. To define the proportion of CD8� T cells that expressed
MIP-1�, MIP-1�, or Ki67, we performed a double-labeling immunofluorescence
analysis with formalin-fixed, paraffin-embedded tissues sectioned into 4-�m-thick
sections. Since the expression of Ki67 is strongly correlated to proliferating cells
(39), this marker was used to assess the extent of CD8�-T-cell proliferation in
this study. The first primary antibody, mouse monoclonal anti-human CD8
(clone NCL CD8 295; Vector) diluted to a concentration of 4 �g/ml in PBS
(Sigma-Aldrich), was applied to tissue sections and incubated overnight at 4°C.
The tissues were then washed three times (for 5 min each) in PBS. The first
secondary antibody, goat anti-mouse IgG labeled with Alexa fluor 488 (Molec-
ular Probes, Eugene, Oreg.), was diluted 1:200 in PBS and incubated for 30 min
at 37°C. The tissues were then washed three times (for 10 min each) in HBSS
(Invitrogen) supplemented with 0.1% saponin (Sigma-Aldrich), and the second
primary antibody (anti-human MIP-1�, anti-human MIP-1�, or anti-human Ki67
[DakoCytomation Inc., Carpinteria, Calif.]) was diluted to a concentration of 4
�g of total IgG/ml in HBSS (Invitrogen) supplemented with 0.1% saponin
(Sigma-Aldrich), 0.01 M HEPES buffer (Roche), and 0.002% sodium azide
(Sigma-Aldrich), applied to tissue sections, and incubated overnight at room
temperature. After three washes with HBSS supplemented with 0.1% saponin
(Sigma-Aldrich) (for 10 min each), the second secondary antibody, goat anti-
rabbit IgG or donkey anti-goat IgG labeled with Alexa fluor 568 (Molecular
Probes), was diluted 1:400 in HBSS (Invitrogen) supplemented with 0.1% sapo-
nin (Sigma-Aldrich), applied to slides, and incubated for 30 min at 37°C. The
tissues were then washed three times (for 10 min each) in HBSS (Invitrogen)
supplemented with 0.1% saponin (Sigma-Aldrich). Finally, the slides were incu-
bated with 4	,6-diamidino-2-phenylindole dihydrochloride hydrate (DAPI) (Mo-
lecular Probes) to label the chromosomal DNA. Mouse isotype controls or a
purified, nonimmune rabbit or donkey serum was run with each staining series as
the negative control.

Quantitative image analysis. Immunofluorescent signals for fluorochrome-
labeled CD8, MIP-1�, MIP-1�, and Ki67 antibodies were quantified with a
Hamamatsu digital camera mounted on a Zeiss (Jena, Germany) microscope
fitted with a �40 plan neofluor objective and a polarizing filter cube with
appropriate filters (Omega Optical, Brattleboro, Vt.). Digital images were cap-
tured with Openlab software (Improvision, Inc., Lexington, Mass.). One section,
with representative histomorphologic components (cortex, paracortex, follicles,
and medulla), per lymph node was analyzed. Five high-power (�40) microscope
fields of the T-cell-rich zone (paracortex) per tissue section were randomly
chosen, and images were captured digitally with the system described above.
Each captured field included an area of approximately 0.04 mm2. Only cells with
distinctly labeled nuclei (DAPI) and bright cytoplasmic staining covering �60%
of continuous cell cytoplasm were considered positive.

Individual positive cells in the five captured high-power microscope fields of
the immunohistochemical tissue sections were counted manually by a single
observer by using a randomly placed square-millimeter grid system. The numbers
of positive cells are presented as cells per square millimeter.

Statistical analysis. All statistical analyses were done with InStat software
(Graph Pad Software Inc., San Diego, Calif.). All data were analyzed by one-way
analysis of variance with posthoc Tukey comparisons. Data from the beta-che-
mokine mRNA and protein analyses were log transformed prior to analysis.

RESULTS

Pathological changes and CD8�-T-cell proliferation in
lymph nodes. To determine if changes in lymph node morphol-
ogy reflected the challenge outcome, we evaluated the axillary
and genital lymph nodes for histopathologic abnormalities by
using standard techniques. The lesions were subjectively
graded on a scale of 0 to 3 (0, normal; 1, mild; 2, moderate; 3,
severe). At 6 months post-SIV challenge, the majority of vac-
cinated but unprotected and unvaccinated animals (82 and
88%, respectively) had moderate to severe follicular hyperpla-
sia and paracortical expansion in both the axillary and genital
lymph nodes (Table 1). In contrast, the majority (90%) of the
protected animals had normal follicles or mild follicular hy-
perplasia and mild to moderate paracortical expansion (Table
1). Mild to moderate lymph node medullary histiocytosis was
present in both protected and unprotected animals. To deter-
mine whether proliferating CD8� T cells contributed to this
pathology, we evaluated the number of Ki67-positive CD8� T
cells in the axillary and genital lymph nodes. The vaccinated
but unprotected and unvaccinated animals had significantly
increased frequencies of Ki67� CD8� T cells compared to the
vaccinated, protected animals (Fig. 1). Thus, vaccinated, pro-
tected and vaccinated, unprotected animals could be reliably
distinguished based on their lymph node tissue vRNA levels,
Ki67 expression in CD8� T cells, and histopathology at 6
months post-SIV challenge.

Beta-chemokine mRNA levels in lymphoid tissues. MIP-1�
and MIP-1� mRNA expression levels in the lymphoid tissues
were determined at 6 months postchallenge by TaqMan PCR.
The MIP-1� mRNA expression levels were significantly (P �
0.05) increased in the axillary and genital lymph nodes in the
vaccinated, unprotected animals compared to those in the vac-
cinated, protected animals (Fig. 2). While the MIP-1� mRNA
levels had a similar trend, this difference did not reach the level
of statistical significance (Fig. 2). It should be noted that
MIP-1� mRNA levels were elevated in the genital lymph
nodes for all three groups compared to those for uninfected
animals. Furthermore, there was a positive linear correlation
between the level of beta-chemokine mRNA expression and
tissue vRNA levels (Fig. 3).

Localization of beta-chemokine proteins in lymphoid tis-
sues. To confirm the mRNA data and to determine the origin
and total number of beta-chemokine-producing cells in the
axillary and genital lymph nodes, we used immunohistochem-
istry and immunofluorescence techniques. Consistent with the
mRNA levels, the numbers of cells expressing MIP-1� and
MIP-1� proteins were increased in the lymph nodes of all three
groups compared to those for uninfected animals (Fig. 4).
Furthermore, the differences between the numbers of beta-
chemokine-positive cells in the lymph nodes of the vaccinated,
protected and vaccinated, unprotected animals were significant
(Fig. 4). A similar trend was seen in the numbers of RANTES-
positive cells. Protected monkeys had significantly fewer RAN-
TES-positive cells than did unprotected monkeys (data not
shown). The frequency of non-CD8� T cells that expressed
beta-chemokines was higher than the frequency of beta-che-
mokine-secreting CD8� T cells (data not shown). Thus, anti-
viral CD8� T cells were not the main source of beta-chemo-
kine expression in lymph nodes. Furthermore, the frequencies
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of MIP1�� CD8� and MIP-1�� CD8� lymphocytes in the
lymph nodes of the vaccinated, unprotected animals were sig-
nificantly higher than those in the lymph nodes of vaccinated,
protected animals (Fig. 5). Thus, the numbers of beta-chemo-
kine-positive CD8� T cells increased with increasing tissue
vRNA levels, suggesting that viral replication drives beta-che-
mokine expression in CD8� T cells. The majority of the beta-

chemokine-positive CD8� lymphocytes were located in the
T-cell-rich paracortical regions of the lymph nodes (Fig. 6).

In summary, 6 months after an SIV challenge, beta-chemo-
kine mRNA levels and the numbers of cells expressing MIP-1�
and MIP-1� proteins were highest in the lymph nodes of vac-
cinated monkeys with the highest vRNA levels. Thus, beta-
chemokine expression, whether by CD8� T cells or other cell

FIG. 1. Density of Ki67� CD8� T cells in the paracortex of axillary (A) and genital (B) lymph nodes of rhesus macaques 6 months after
intravaginal challenge with SIVmac239. Note that the frequency of Ki67� CD8� T cells was higher for the vaccinated but unprotected and
unvaccinated animals than for the vaccinated, protected animals. Individual monkeys from the uninfected (SIV�) (■ ), vaccinated and protected
(Œ), vaccinated but unprotected (�), and unvaccinated (SIV�) (�) groups are represented. The horizontal lines represent the mean frequencies
of Ki67� CD8� T cells for each experimental group.

FIG. 2. MIP-1� and MIP-1� mRNA levels in axillary (A) and genital (B) lymph nodes at 6 months p.c. Note that beta-chemokine levels were
higher in the vaccinated but unprotected and unvaccinated animals than in the vaccinated, protected animals. The increase in MIP-1� and MIP-1�
mRNA levels relative to those in uninfected animals (SIV�) (■ ) are shown for vaccinated and protected (Œ), vaccinated but unprotected (�), and
unvaccinated (SIV�) (�) monkeys. The horizontal lines represent the mean MIP-1� and MIP-1� mRNA levels for each experimental group.
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FIG. 4. Densities of MIP-1�- and MIP-1�-positive cells in the paracortex of axillary (A) and genital (B) lymph nodes. Consistent with increased
beta-chemokine mRNA levels at 6 months p.c., the vaccinated, unprotected animals had increased numbers of MIP-1�- and MIP-1�-expressing
cells in axillary and genital lymph nodes than did the vaccinated, protected animals. Individual monkeys from the uninfected (SIV�) (■ ),
vaccinated and protected (Œ), vaccinated but unprotected (�), and unvaccinated (SIV�) (�) groups are represented. The horizontal lines
represent the mean numbers of MIP-1�- and MIP-1�-positive cells for each experimental group.

FIG. 3. Regression analysis of beta-chemokine mRNA levels or numbers of protein-positive cells versus vRNA levels in axillary lymph nodes.
Note the positive correlation between vRNA levels, both MIP-1� and MIP-1� mRNA levels, and the numbers of beta-chemokine-positive cells.
Each symbol represents an individual monkey.
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types, was not associated with vaccine-mediated protection, as
beta-chemokine mRNA levels, the numbers of total beta-che-
mokine-positive cells, and the numbers of beta-chemokine-
positive CD8� T cells were significantly higher for the vacci-
nated, unprotected group than for the vaccinated, protected
group.

DISCUSSION

The goal of this study was to investigate the relationship
between lymph node vRNA levels, histologic abnormalities,
CD8�-T-cell proliferation, and beta-chemokine expression in
SHIV89.6-immunized rhesus macaques 6 months after an in-
travaginal challenge with pathogenic SIVmac239. Lymphoid
tissue vRNA levels had a strong, linear correlation with plasma
vRNA levels in these animals (2), and thus vaccinated, pro-
tected and vaccinated, unprotected animals could be distin-
guished by their lymph node vRNA levels. Furthermore, the
level of CD8�-T-cell proliferation and the extent and nature of
lymph node histopathology also correlated with lymph node
vRNA levels, and these parameters were significantly different
in vaccinated, protected and vaccinated, unprotected animals.
High lymph node vRNA levels also corresponded with in-
creased levels of MIP-1� and MIP-1�. Although there were
CD8� T cells expressing MIP-1� or MIP-1�, the frequency of
these cells correlated negatively with the levels of protection.
The frequency of proliferating CD8� T cells was significantly
higher in the lymph nodes of vaccinated but unprotected and
unvaccinated monkeys than in those of vaccinated, protected

monkeys. These results are consistent with the conclusion that
beta-chemokine expression by cells, including CD8� T cells
and non-CD8� T cells, is a feature of the immune activation
and inflammation associated with robust SIV replication, as
was previously proposed (2).

In the present study, beta-chemokine expression levels (both
protein and mRNA) in the lymph nodes consistently and sig-
nificantly correlated with tissue vRNA levels (Fig. 3). The
axillary and genital lymph nodes of vaccinated, unprotected
animals had increased MIP-1� and MIP-1� mRNA expression
levels, increased numbers of beta-chemokine-positive cells,
and increased numbers of beta-chemokine-positive CD8� T
cells compared to vaccinated, protected animals. Thus, the
beta-chemokine-mediated control of viral replication that oc-
curs in PBMC culture systems in vitro does not seem to play a
role in vaccine outcomes. This finding contrasts with those of
other studies that have reported an association between in
vitro beta-chemokine secretion by CD8� T cells in PBMC and
vaccine-mediated protection against a SIV/SHIV challenge (3,
6, 7, 18, 21, 24, 29, 30). The conclusions of these studies were
based on in vitro assays using mitogen stimulation. Perhaps in
vitro beta-chemokine secretion in response to mitogen stimu-
lation is a marker for a population of CD8� T cells that
produce a different set of antiviral effector molecules in vivo
during SIV/HIV infections. Our results are consistent with
previous studies demonstrating that increased in vivo levels of
MIP-1� and MIP-1� are associated with increased viral repli-

FIG. 5. Densities of beta-chemokine-positive CD8� T cells in the paracortex of axillary (A) and genital (B) lymph nodes at 6 months p.c. Note
that the number of CD8� T cells that coexpressed MIP-1� and MIP-1� was higher in vaccinated but unprotected and unvaccinated animals than
in vaccinated, protected animals. The symbols are as described in the legend for Fig. 1.
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cation and disease progression (25, 27, 43, 46). Importantly, at
6 months postchallenge, the beta-chemokine levels in PBMC
did not reflect the beta-chemokine levels in lymph nodes. In
PBMC at 6 months postchallenge, the beta-chemokine levels

were near the baseline and there was no difference between the
levels among vaccinated, protected, vaccinated but unpro-
tected, and unvaccinated animals (1). Thus, an analysis of
beta-chemokine responses in lymph nodes is important for

FIG. 6. Immunohistochemistry for CD8 and MIP-1� in the axillary and genital lymph nodes at 6 months p.c. Note that (i) the number of
MIP-1�� cells and MIP-1��CD8� cells was higher in the vaccinated, unprotected monkey than in the vaccinated, protected monkey and (ii) the
largest proportion of these cells was present in the paracortex. Original magnification, �40.
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determining the relationship of these molecules to viral repli-
cation in vivo.

The recruitment and proliferation of virus-specific CD8� T
cells in viral target tissues are critical for an effective antiviral
host immune response. In chronic HIV and SIV infections,
CD8�-T-cell expansion in the lymphoid tissues likely repre-
sents the recruitment and proliferation of both virus-specific T
cells and bystander T cells (16). Consistent with lymph nodes
of HIV-infected humans (42), the majority of the beta-chemo-
kine-secreting cells in monkey lymph nodes were not CD8� T
cells but were associated with the areas of paracortical expan-
sion and follicular hyperplasia. It was previously reported that
the lack of protection in these same SHIV89.6-vaccinated an-
imals was associated with an increased expression of the proin-
flammatory gamma interferon-inducible chemokines CXCL10/
IP-10 and CXCL9/Mig in lymph nodes (2). Thus, beta-
chemokine secretion is likely part of a nonspecific,
proinflammatory response associated with viral replication.
This inflammation leads, on balance, to increased viral repli-
cation, perhaps by promoting the accumulation of target CD4�

T cells in lymph nodes.
Relatively high lymphoid tissue vRNA levels were associated

with abnormalities in lymph node architecture and CD8�-T-
cell proliferation. The lymph nodes of vaccinated, unprotected
animals and unvaccinated controls had marked lymphadenop-
athy characterized by lymphofollicular hyperplasia, dysplasia,
and paracortical expansion compared to the vaccinated, pro-
tected animals. The paracortical expansion was consistent with
the large increase in Ki67� CD8� T cells in these lymph nodes.
Thus, the extent of paracortical expansion and the density of
Ki67� CD8� T cells correlated with the challenge outcome.
The lymph nodes of vaccinated, unprotected animals had a
significantly higher frequency of Ki67� CD8� T cells than did
those of vaccinated, protected animals. Although there was
marked CD8�-T-cell proliferation in the lymph nodes of vac-
cinated, unprotected animals, there was no difference in the
level of expression of caspase 3, a marker of apoptosis, be-
tween the two groups (data not shown). Thus, CD8� T cells in
the lymph nodes of vaccinated, unprotected animals prolifer-
ated but did not undergo detectable apoptosis. This conclusion
is consistent with the growing body of evidence that the expan-
sion of CD8� T cells in the lymph nodes during HIV and SIV
infections is due to a combination of proliferating virus-specific
T cells and nonspecific T cells and to lymphocyte homing and
recirculation abnormalities (16, 23). Taken together, our re-
sults suggest that the lymph node paracortical expansion was
due to the recruitment of lymphocytes by beta-chemokines and
other chemoattractants combined with increased cell prolifer-
ation but no detectable cell death.

The goal of our study was to better understand the relative
contributions of beta-chemokine secretion and CD8�-T-cell
proliferation to the control of viral replication in the context of
vaccination. There was no evidence of CD8�-T-cell-mediated
control of SIV replication by beta-chemokine expression in
vivo. The marked lymphadenopathy and CD8�-T-cell prolif-
eration found in vaccinated, unprotected monkeys were con-
sistent with chronic reactivity due to viral replication. Further-
more, the increased levels of beta-chemokines were associated
with high levels of gamma interferon mRNA expression in
vaccinated, unprotected animals (2), and all of these molecules

contribute to nonspecific inflammation and immune activation.
Beta-chemokines in the lymph nodes of vaccinated, unpro-
tected animals were not produced by antiviral CD8� T cells,
but rather by non-CD8� T cells. Thus, beta-chemokine secre-
tion by non-CD8� T cells may contribute to the immunopatho-
genesis of HIV/SIV infections, as viral replication results in an
increased beta-chemokine secretion that draws potential target
T cells into lymphoid tissues to support further viral replica-
tion. It is probably important that the natural hosts of SIV,
African green monkeys and sooty mangabeys, have high viral
loads but little associated inflammation or immune activation
(9, 41), and these monkeys do not develop AIDS. In fact, the
lack of immune activation and cell cycle dysregulation in the
sooty mangabey may explain why these animals do not develop
AIDS (M. Paiardini, B. Cervasi, G. Constantino, B. Sumpter,
H. McClure, S. O’Neill, M. Magnani, S. Staprans, G. Piedi-
monte, M. Feinberg, and G. Silvestri, Abstr. AIDS Vaccine
Meet., abstr. 403, 2003). Together, these results indicate that a
successful HIV vaccine must generate robust specific and in-
nate antiviral immunity and allow the recipient to make adap-
tive immune responses without the immune activation and
inflammation that contributes to viral replication.
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